Intricate regulatory networks determine atrial function
Atrial fibrillation (AF) is the most common sustained arrhythmia, affecting more than three million people in the United States (1, 2). While specific defects in atrial myocyte excitability and structure have been associated with AF in a variety of cardiac disease states (or even in normal aging), our understanding of pathways for regulation of atrial myocyte excitability in normal and diseased conditions is incomplete (3). Given the prevalence of atrial arrhythmias and the limitations of existing therapies including off-target effects, procedural complications, and poor efficacy, there clearly remains a need for a deeper understanding of atrial myocyte excitability and the regulatory pathways involved, with the hope of identifying potential therapeutic targets (4).
Cardiac myocytes have evolved an elaborate web of intracellular signaling networks to rapidly tune cell (and ultimately organ) function in response to stress. While these signaling pathways show tremendous variety with respect to constituent signaling molecules, upstream effectors, downstream targets, and emergent function, these networks have several commonalities, including a dependence on reversible posttranslational modification as a way to rapidly alter target protein activity and/or localization (5). Specialized myocyte membrane domains are critical for maintaining temporal and spatial control over intracellular signaling, and defects in local signaling are commonly linked to decreased function and arrhythmia in cardiac disease. Among the best characterized of these myocyte membrane domains are transverse tubule (TT) membranes, sarcolemmal membrane invaginations that occur near Z-lines and support synchronous myocyte contraction (Figure 1 ). TT membranes are home to a variety of important signaling domains, most notably the cardiac dyad formed by close apposition of L-type Ca 2+ channels in the TT membrane and RyR2 sarcoplasmic reticulum (SR) Ca 2+ release channels. RyR2 channels themselves interact with a large number of accessory, adapter, and regulatory proteins to form unique local signaling domains. The adapter protein ankyrin-B (AnkB) also localizes to the TT membrane and coordinates the organization of distinct macromolecular complexes involving, among other proteins, the inositol 1,4,5 trisphosphate (IP3) receptor and protein phosphatase 2A (PP2A) (5). Defects in AnkB have been linked to abnormal Ca 2+ homeostasis and membrane excitability, as well as both ventricular and atrial arrhythmias (5).
A "super-hub" of signaling Compared with those in ventricular myocytes, TTs in atrial myocytes are relatively underdeveloped; however, atrial cells have evolved unique membrane domains to efficiently regulate myocyte function, reflecting their unique structure and energetic demands. In this issue, Brandenburg and colleagues use a host of innovative imaging modalities and markedly expand our understanding of local signaling domains in atrial myocytes (6). Brandenburg et al. propose a new model for atrial signaling based on the concept of local "superhub" signaling nodes located on atrial axial tubules (ATs). While ATs have been previously described in atria (7-9), this new work proposes that these domains display unique structural, signaling, and regulatory signatures that underlie atrial-specific regulation at baseline and in disease. Specifically, Brandenburg and colleagues report the identification of atrial AT "super-hub" domains that are unusually large and robust. In fact, AT domains were found to be more abundant in atria than in ventricles, more prevalent than TTs in the atria, and to display increased width and volume/surface area ratios compared with the atrial TTs that connect the AT domains. Second, in line with previous findings (10), these atrial AT "hubs" were shown to harbor functional dyads, including L-type calcium channels (Cav1.2) and ryanodine receptor 2 (RyR2) calcium-release channels, as well as caveolin 3 (Cav3), an integral component of the caveolae membrane. Atrial fibrillation (AF) is a cardiac arrhythmia that arises from electrical and contractile dysfunction in the atria. Atrial function is regulated by a variety of intracellular signaling networks that facilitate rapid communication and coordinate responses of atrial myocytes. In this issue of the JCI, Brandenburg and colleagues describe the identification and characterization of "superhub" signaling nodes located on atrial axial tubules that regulate atrial contraction. Together, the results of this study provide important insight into the regulation of atrial contraction and describe potential therapeutic targets to be explored in future studies.
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(e.g., atrial hypertrophy). Finally, these studies suggest that this local "superhub" model may be ripe for targeting in future atrial therapies due to its unique structure and regulatory properties.
Conclusions and future directions
The study by Brandenburg and colleagues (6) is an experimental tour de force that tackles a fundamental yet understudied area of cardiovascular biology. release. Further, the authors assert that this chamber-specific signaling pathway, at least in part, regulates rapid activation of atrial myofilaments and contractility, particularly in pathological situations Third and most notable, Brandenburg and et al. report that atrial AT RyR2 populations display unique regulatory properties. For example, canonical SR RyR2 populations juxtaposed with the peripheral sarcolemma were minimally phosphorylated under baseline conditions (in the absence of β-adrenergic receptor [β-AR] stimulation), whereas "superhub" RyR2 calcium-release units (CRUs) were hyperphosphorylated at both protein kinase A-dependent (PKA-dependent) and Ca 2+ calmodulin-dependent The Journal of Clinical Investigation there unique components of SR that are adjacent to this membrane structure? It will be important, going forward, to further characterize the distinct molecular constituents of TT and AT membranes to: (a) better understand the mechanism(s) underlying differential regulation of SR Ca 2+ release; and (b) identify novel therapeutic targets for the selective control of atrial excitability. Fourth, are there other atrial ion channels in this "super-hub" that alter local atrial signaling? For example, it is interesting to consider that a subpopulation of Na v 1.5 channels that are distinct from those that are a major component at the intercalated disc may regulate local signaling at the AT. This possibility is especially intriguing in light of recent data showing that CaMKII-dependent regulation of Na v 1.5 is involved in the pathophysiological response to local adrenergic signaling (17) (18) (19) . Finally, how do the atrial AT network and the "super-hub" remodel in response to both physiological and pathological stresses? While the study by Brandenburg and colleagues supports the idea that the AT network proliferates following atrial hypertrophy (6), prior studies indicate that transverse AT networks are lost in large animal models of persistent AF (7, 20) . It will be critical in the future to extend these studies to continue to push our fundamental understanding of atrial biology to aid in our discovery of new therapies for common forms of AF.
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